A CEPHEID DISTANCE TO THE FORNAX CLUSTER 
AND THE LOCAL EXPANSION RATE OF THE UNIVERSE 
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The Hubble Space Telescope is being used to measure accurate Cepheid distances 
to nearby galaxies with the ultimate aim of determining the Hubble constant, H . 
For the first time, it has become feasible to use Cepheid variables to derive a 
distance to a galaxy in the southern hemisphere cluster of Fornax. Based on the 
discovery of 37 Cepheids in the Fornax galaxy NGC 1365, a distance to this galaxy 
of 18.6±0.6 Mpc (statistical error only) is obtained. This distance leads to a value of 
H = 70 ± 7(random) ±18(systematic) km/sec/Mpc in good agreement with estimates 
of the Hubble constant further afield. 

The determination of an accurate value of the Hubble constant requires the measurement of accurate 
galaxy distances and velocities. Both the Virgo and Fornax clusters of galaxies are close enough 
to be studied in considerable detail; on the other hand, they are sufficiently distant that the bulk 
of their measured velocity is probably dominated by the expansion of the universe. The Fornax 
cluster of galaxies is comparable in distance to the Virgo cluster 1 , but it is found almost opposite 
to Virgo in the skies of the southern hemisphere. Fornax is less rich in galaxies than the Virgo 
cluster 2 , but it is also substantially more compact (see Figure 1). As a result of its lower mass, 
the influence of Fornax on the local velocity field is expectedly less dramatic than that of Virgo; 
and, because of its compact nature, questions concerning the membership of individual galaxies in 
Fornax are less problematic, and the back-to-front geometry is far less controversial than in the 
case of the Virgo cluster complex 3 . Clearly, Fornax is an interesting site for a direct test of the 
local expansion rate if its distance were known. With Space Telescope, Cepheid distances out to 
and including the Fornax cluster do offer a direct means of estimating the expansion rate of the 
nearby Universe. 

While the goals of the Key Project on the Extragalactic Distance Scale 4 are much broader than 
measuring the distances to two nearby clusters, there are several important reasons to secure a 
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distance to the Fornax cluster. Fornax serves both as a probe of the local expansion velocity field 
and as a well defined location for calibrating several secondary distance indicators which can be 
used to reach the essentially unperturbed Hubble flow. To obtain the distance to Fornax, the Key 
Project is searching for Cepheids in three member galaxies. The first of these, discussed here, is 
the luminous, barred spiral galaxy, NGC 1365. 

At least three lines of evidence independently suggest that NGC 1365 is a physical member of the 
Fornax cluster. First, NGC 1365 is almost directly along our line of sight to Fornax as a whole, 
being projected only ~70 arcmin from the geometric center of the cluster, whereas the radius of 
the cluster is ~200 arcmin 5 (see Figure 1). Second, NGC 1365 is also coincident with the Fornax 
cluster in velocity space. The systemic (heliocentric) velocity and velocity dispersion of the main 
population of galaxies in the inner six degrees of the Fornax cluster are well defined (Madore et al. 
in preparation): 39 spiral/irregular galaxies with published radial velocities give V = 1,399 km/sec 
and a = ±334 km/sec, 78 E/SO galaxies give V = 1,463 km/sec with a = ±347 km/sec; and the 
combined (unweighted) sample of 117 galaxies gives V = 1,441 km/sec with a = ±342 km/sec (see 
for comparison 6,7). We note in passing that the mean velocity of the spirals agrees with the mean 
for the ellipticals to within 64 km/sec. And specifically, the velocity difference between NGC 1365 
and the cluster mean is only about two-thirds of the cluster's intrinsic velocity dispersion. Third, 
and finally, NGC 1365 sits only 0.02 mag from the central ridge line of the apparent Tully-Fisher 
relation relative to other cluster members defined by recent studies of Fornax 6 ' 8 . Taken together 
these observations strongly suggest that a distance to NGC 1365 alone should be representative of 
the cluster as a whole. 

Using the Wide Field and Planetary Camera 2 on HST, we have obtained a set of 12-epoch 
observations of NGC 1365 and have discovered 37 Cepheids using two independent photometry 
routines, and selected by light-curve quality (see Silbermann et al. in preparation, for details.) The 
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resulting intensity-weighted < V > and < I > period-luminosity relations (Figure 2) were fit by x 2 
minimization to the fiducial PL relation for LMC Cepheids 9 , (corrected for E(B — V)lmc = 0.10 
mag) scaled to an LMC true distance modulus of /j, = 18.50 mag, and shifted into registration 
with the Fornax data. The resulting apparent moduli are fly = 31.68±0.05 mag and ji\ = 
31.55±0.05 mag. Correcting for a total line-of-sight reddening of E(V — I)ni365 = 0.14 mag (derived 
from the Cepheid data themselves, and using a standard reddening law) gives a true distance 
modulus of no = 31.35±0.07 mag for NGC 1365. This corresponds to a distance of 18.6±0.6 Mpc. 
This error quantifies the statistical uncertainty derived from the measured photometric errors, 
combined with the intrinsic magnitude and colour width of the Cepheid instability strip; a more 
complete discussion of the errors can be found in Madore et al. (in preparation) , giving a cumulative 
random error of ±1.6 Mpc and a systematic uncertainty (quantifying metallicity effects, PL zero 
point and photometric uncertainties) also amounting to ±1.6 Mpc. 

Here, we point out that, unlike our earlier discussion 3 of the expansion rate derived from a 
Cepheid distance to the galaxy M100 in the Virgo cluster, the infall-velocity correction for the 
Local Group motion with respect to the Virgo cluster (and its associated uncertainty) becomes 
a minor issue for the Fornax cluster. This is the result of a fortuitous combination of geometry 
and kinematics. The physical separation of the two clusters is easily derived since both their 
angular separation and their individual distances are known now known. Under the assumption 
that the Virgo cluster dominates the local velocity perturbation field at the Local Group and at 
Fornax, we can calculate the infall velocity at Fornax (assuming that the flow field amplitude scales 
with l/Rvirgo, characterized by a R -2 density distribution 10 ). From this we then derive the flow 
contribution to the measured line-of-sight radial velocity, as seen from the Local Group. Figure 3 
shows the distance scale geometry (left panel) and the velocity-field kinematics (right panel) of the 
Local Group- Virgo-Fornax system. Using an infall velocity 7 of the Local Group toward Virgo of 
±200 km/sec, and adopting a generous uncertainty of ±100 km/sec, the flow correction for Fornax 
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is only -45 ±23 km/sec. This correction and its uncertainty are more than a factor of 4x smaller 
than the equivalent corrections applied to M100. 

We are now in a position to derive two estimates of the general expansion rate of the local Universe. 
The first estimate is based solely on the systemic radial velocity and the Cepheid-based distance to 
the Fornax cluster, and therefore samples the velocity field in one particular direction at ~20 Mpc. 
We then examine a more isotropic (inner) volume of space, sampled at nine randomly distributed 
distances and directions out to and including both the Virgo and Fornax clusters. This sample has 
the advantage of providing an average over the volume, but it is still limited in scale (probing an 
average distance of ~10 Mpc). It is also still subject to the uncertainties in the bulk flow of this 
entire volume, as well as uncertainties in the adopted Virgocentric flow model. 

The observed velocity of the Fornax cluster, 1,441 km/sec, can be corrected to the barycentre of the 
Local Group (—90 km/sec) and compensating for the —45 km/sec component of the Virgocentric 
flow, derived above, to give a cosmological expansion rate of Fornax of +1, 306 km/sec. Using the 
Cepheid distance of 18.6 Mpc for Fornax then gives H Q = 70 (±7) r [±18] s km/sec/Mpc. The first 
uncertainty (in parentheses) includes random errors in the distance derived from the PL fit to the 
Cepheid data, as well as random velocity errors in the adopted Virgocentric flow, combined with 
the distance uncertainties to Virgo propagated through the flow model. The second uncertainty (in 
square brackets) quantifies the currently identifiable systematic errors associated with the adopted 
mean velocity of Fornax, and the adopted zero point of the PL relation (combining in quadrature 
the LMC distance error, a measure of the metallicity uncertainty, and a conservative estimate of 
the photometric errors. For an extensive discussion of these errors see the discussion and tabulation 
in Madore et al. in preparation.) Finally, we note that according to the Han-Mould model , the 
so-called "Local Anomaly" gives the Local Group an extra velocity component of approximately 
+73 km/sec towards Fornax. If we were to add that correction our local estimate, H Q would increase 
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from 70 to 74 km/sec/Mpc. 

Given the highly clumped nature of the local universe and the existence of large-scale streaming 
velocities, there is still an uncertainty remaining due to the total peculiar motion of the Fornax 
cluster with respect to the cosmic microwave background restframe. Observations of flows, and 
the determination of the absolute motion of the Milky Way with respect to the background 
radiation suggest that line-of sight velocities ~300 km/sec are not uncommon. 11 The absolute 
motion of Fornax with respect to the Local Group then becomes the largest outstanding systematic 
uncertainty at this point in our error analysis: a 300 km/sec flow velocity for Fornax would give a 
systematic error in the Hubble constant of ±20%. 

We now step back and investigate the Hubble flow between us and Fornax, derived from 
galaxies and groups of galaxies inside 20 Mpc, each having Cepheid-based distances and expansion 
velocities individually corrected for a Virgocentric flow model 12 ' 13 . Figure 4 presents these results 
in graphical form. Individual values of H Q range from 61 to 99 km/sec/Mpc. An average of these 
independent determinations, including Virgo and Fornax, gives H Q = 73 (±4) r [±17] s km/sec/Mpc. 
This determination, as before, uses a Virgocentric flow model with a 1/Rvirgo infall velocity fall-off, 
scaled to a Local Group infall velocity of +200 km/sec, determined ab initio by minimizing the 
velocity residuals for the galaxies with Cepheid-based distances. The foregoing determination of 
H is again predicated on the assumption that the inflow-corrected velocities of both Fornax and 
Virgo are not further perturbed by other mass concentrations or large-scale flows, such that the 
25,000 Mpc 3 volume of space delineated by them is at rest with respect to the distant galaxy 
frame. An estimated flow correction error of ±300 km/sec dominates the systematic error budget. 
Nevertheless, these results are consistent with those based on a more extensive analysis of the 
greater flow field undertaken by Han et al. (in preparation). 

One of the interesting features of this diagram is the relative small residual scatter. Removing 
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in quadrature the 10% scatter introduced by the distance uncertainties leaves an average velocity 
scatter of less than ±70 km/sec about the Hubble line. That is, the random velocities of nearby 
galaxies, once corrected for the the systematic influence of the Virgo cluster, are remarkably small. 
This is consistent with earlier discussions 14 ' 15 ' 16 that call to attention among other things the 
paucity of nearby blue-shifted galaxies outside of the Local Group. 

Further implications of a Cepheid distance to the Fornax cluster, and a comparison of the global 
value of the Hubble constant within the local expansion rate derived here can be found in Madore 
et at (in preparation). But we note that the estimates of H presented here (based on nearby 
galaxies out to and including the Fornax cluster) are in close agreement with the value of H = 
72 km/sec/Mpc obtained from a variety of methods that operate at much greater distances. These 
methods 17 ' 18 ' 19 include the calibration of type la and type II supernovae, and the Tuny-Fisher 
relation. 
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FIGURE CAPTIONS 

Figure 1. — A comparison of the distribution of galaxies drawn to scale as projected on the 
sky for the Virgo cluster (right panel) and the Fornax cluster (left panel); units are arcmin. The 
comparison of apparent sizes is appropriate given that the two clusters are at approximately the 
same distance from us. In the extensive Virgo cluster, the galaxy M100 is marked ~4° to the 
north-west of the elliptical-galaxy-rich core; this corresponds to an impact parameter of 1.3 Mpc, 
or 8% of the distance from the LG to the Virgo cluster. The Fornax cluster is clearly more centrally 
concentrated than Virgo, so that the back-to-front uncertainty associated with its three-dimensional 
spatial extent is reduced for any randomly selected member. Roughly speaking, converting the total 
angular extent of the Fornax cluster on the sky (6° diameter 5 ) into a back-to- front extent, the error 
associated with any randomly chosen galaxy in the Fornax cluster, translates into a few percent 
uncertainty in distance. This uncertainty in distance will soon be reduced when HST data for two 
additional Fornax spirals (NGC 1425 and NGC 1326A) are analyzed in the coming year. 

Figure 2. — V and I-band Period-Luminosity relations for the full set of 37 high-quality 
Cepheids monitored in NGC 1365. The fits are to the fiducial relations 9 shifted to the apparent 
distance modulus of NGC 1365. Dashed lines indicate the expected intrinsic (2-sigma) width of 
the relationship due to the finite temperature width of the Cepheid instability strip. 

Figure 3. — Relative geometry (left panel), and the corresponding velocity vectors (right panel) 
for the disposition and flow of the Fornax cluster and the Local Group with respect to the Virgo 
cluster. The circles plotted at the positions of the Virgo and Fornax clusters have the same angular 
size as the circles minimally enclosing M100 and NGC 1365 in the two panels of Figure 1. 



Figure 4. - The velocity-distance relation for local galaxies having Cepheid-based distances. 
Circled dots mark the velocities and distances of the parent groups or clusters. The one-sided 
"error" bars with galaxy names attached mark the velocities associated with the individual galaxies 
having direct Cepheid distances. The thick broken line represents a fit to the data giving H Q = 
73 km/sec/Mpc; the observed one-sigma (random) scatter about the mean is ±12 km/sec/Mpc, and 
is shown by the thin diverging broken lines. All velocities have been corrected for a Virgo-centric 
flow, as discussed in the text. 
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